Introduction
Uremic compounds are a cause and consequence of chronic kidney disease (CKD). Accumulation of these toxins consequent to the progressive deterioration of kidney function in CKD has a deleterious effect on the cardiovascular system [1] , and cardiovascular disease (CVD) remains the leading cause of morbidity and mortality in CKD patients [2, 3] .
Endothelial cell injury and dysfunction are critical steps in the development and progression of atherosclerosis, which can result of oxidative stress, chronic inflammation and reactive oxygen species (ROS) production in CKD [4, 5] . Previous data suggested that some uremic toxins, including indoxyl sulfate (IS) and p-cresyl sulfate (PCS), which are two protein-bound uremic toxins that originate from the intestinal tract following the metabolism of aromatic amino acids by the intestinal flora, inhibit endothelial proliferation, which may contribute to endothelial cell dysfunction [4, 6] . Evidence from an in vitro study also showed that IS and PCS induce ROS production [5] . Clinical studies in CKD patients on hemodialysis (HD) confirm that these two toxins are valuable surrogate markers of infection [7] and cardiovascular and all-cause mortality [8] [9] [10] .
Advanced glycation end products (AGEs), pro-inflammatory and pro-oxidative compounds are produced through the non-enzymatic glycation and oxidation of proteins, lipids and nucleic acids [11, 12] , and these factors accumulate in CKD patients [13, 14] . Previous studies showed that AGEs were involved in the pathogenesis of CVD via receptorindependent and receptor-dependent pathways [15, 16] . Therefore, AGEs likely play an important role in the pathogenesis of CVD in these subjects.
These results suggest that protein-bound uremic toxins and AGEs contribute to the high prevalence of cardiovascular mortality in CKD patients. However, the relationship between protein-bound uremic toxins and AGEs is not fully understood.
This cross-sectional study elucidated the correlation of IS and PCS with selected AGEs and other independent variables in a maintenance HD cohort.
Materials and Methods

Subjects
This study recruited 129 patients on maintenance HD (4 h dialysis, 3 times a week) from a single medical center. The exclusion criteria included subjects with acute infection, liver cirrhosis and malignancy, or patients who were younger than 18 years. Dialyzers with a synthetic dialysis membrane (polysulfone or polyamide) were not reused in any patient. Dialysis efficiency was calculated according to Kidney Disease Outcomes Quality Initiative (KDOQI) guidelines, and single-pool Kt/V of urea nitrogen was calculated [17] . Residual renal function was estimated from an interdialytic urine collection, and the results are expressed as weekly renal Kt/V. The normalized protein catabolic rate (nPCR; g/kg/d) was measured for daily protein intake. The study was performed according to the principles of the Declaration of Helsinki, and the ethics committee of the Mackay Memorial Hospital approved the study. All patients signed informed consent was signed before the study.
Laboratory Assessments
Blood samples of patients were taken after enrollment immediately before the HD session 2 times per week (second and third session). The following biochemical parameters were measured: blood urea nitrogen, creatinine (Cr), hemoglobin (Hb), hematocrit (Hct), potassium (K), calcium (Ca), phosphate (P), Lin/Lin/Pan/Chuang/Liu/Sun/Wang/Chen/Wu: Indoxyl Sulfate Relationship to AGEs in HD Patients bicarbonate, high sensitivity C-reactive protein (hsCRP), intactparathyroid hormone (i-PTH), alkaline phosphatase, albumin, total IS, free IS, total PCS, free PCS and AGEs. The bromocresol green method was used to determine albumin content. Serum levels of hsCRP were measured using a Behring Nephelometer II (Dade Behring, Tokyo, Japan). AGE concentrations were measured using ELISA kits (AGEs Immunoassay, Hanson Biomedical, Taipei, Taiwan). All levels of serum PCS and IS were measured twice weekly to obtain an average value. Other biochemistry parameters were measured before the second HD session during the same week.
Serum IS and PCS were analyzed using LC-MS/MS (4000 QTRAP, USA). Briefly, serum samples were prepared and deproteinized by heat denaturation. HPLC was performed at room temperature using a dC18 column (3.0 × 50 mm, Atlantis, Waters). The buffers used were (A) 0.1% formic acid and (B) 1 mM NH 4 OAc + 0.1% formic acid in 100% acetonitrile. The flow rate was 0.6 mL/min with a 3.5-min gradient cycling from 90% A/10% B to 10% A/90% B. PCS and IS were eluted at 2.73 and 2.48 min, respectively, under these conditions. Standard curves for PCS and IS were set at 1, 5, 10, 50, 250, 500 and 1000 μg/L. PCS and IS standards were processed in the same manner as the serum samples, and the standards correlated with the serum samples with an average r 2 value of 0.996 ± 0.003. Samples were diluted if the IS or PCS concentration exceeded the standard curve. Quantitative results were obtained, and concentrations (mg/L) were calculated. The sensitivity of this assay was 1 μg/L for PCS and 1 μg/L for IS.
Statistical Analysis
The demographic data are expressed as the means ± standard deviation. Pearson's correlation coefficient or Spearman's rank correlation were used to analyze the relationship between serum IS, PCS and selected clinical or biochemical variables. Stepwise multiple linear regression analysis was used for total IS or AGEs as a dependent variable to assess the influence of the tested parameters. A receiveroperating characteristic (ROC) curve of weight was use to predict serum IS levels (30.7 mg/L). The optimum cut-off point (open circle) was defined as the closest point on the ROC curve to the point (X, Y) = (0, 1), where X = 1 -specificity and Y = sensitivity. Results from the high and low IS groups divided by 30.7 mg/L and AGEs levels in patients with or without diabetes Table 1 . Baseline characteristics of the patients mellitus were compared using Student's t-tests or the χ 2 test. A p-value less than 0.05 was considered statistically significant. All statistical analyses were conducted using the SPSS ver. 17.0 software program (SPSS, Chicago, IL). Table 1 shows patient demographics and clinical characteristics. An independent physician screened 160 stable HD patients, and 129 patients were recruited. The etiology of Lin/Lin/Pan/Chuang/Liu/Sun/Wang/Chen/Wu: Indoxyl Sulfate Relationship to AGEs in HD Patients end-stage renal disease in the study patients included chronic glomerulonephritis (n = 65, 50.4%), diabetic nephropathy (n = 58, 45.0%), polycystic kidney disease (n = 4, 3.1%) and lupus nephritis (n = 2, 1.5%). Our subjects consisted of 66 males (51.2%) and 63 females (48.8%) with a mean age of 65.61 ± 9.12 years. The following average levels were recorded: serum free IS 1.50 ± 0.80 mg/L; total IS 38.15 ± 13.08 mg/L; free PCS 1.71 ± 0.70 mg/L; total PCS 26.03 ± 12.01 mg/L; and AGEs 12.6 ± 6.2 AU/mL. Table 2 shows the correlations between IS, PCS and independent variables. Total IS was significantly associated with serum albumin (r = −0.21, p < 0.05), Cr (r = 0.29, p < 0.01), K (r = 0.20, p < 0.01) and AGEs (r = 0.27, p < 0.01). Free IS was positively correlated with alkaline phosphatase (r = 0.22, p < 0.05) and hsCRP (r = 0.25, p < 0.05). Free PCS was negatively related to albumin levels (r = −0.25, p < 0.05). However, there was no significant correlation between total PCS and clinical biochemical parameters. Table 3 shows the results of multiple variable analysis using stepwise linear regression for total IS as a dependent variable. The independent variables in the model included gender, age, diabetes, duration of HD, Kt/V, Cr, albumin, phosphate, i-PTH, AGEs, free IS and total PCS. Total IS was significantly associated with AGEs (p < 0.01), free IS (p < 0.01) and Cr (p < 0.01). Table 4 shows the multiple variables analysis with AGEs as a dependent variable. The independent variables in the model included gender, age, diabetes, duration of HD, Kt/V, Cr, hsCRP, albumin, calcium, phosphate, i-PTH, total IS, free IS, total PCS and free PCS. Serum AGEs levels were strongly correlated with diabetes (p < 0.01) and total IS (p < 0.01) after adjusting for other confounding factors. Figure 1 demonstrates the correlation between AGE levels and proteinbound uremic toxins. There was no significant association between AGEs and total PCS, free PCS and free IS, except total IS (r = 0.27, p < 0.01). Figure 2 shows the serum IS level (30.7 mg/L) predicted by the ROC curve. All patients were divided into two groups (high and low) based on IS level (30.7 mg/L). Patients in the high IS group had higher nPCR (p = 0.04), Cr (p<0.01), i-PTH (p = 0.03) and AGE concentrations (p < 0.01) compared to the low IS group (Table 5) . However, the serum AGE levels were higher in patients with diabetes than patients without diabetes (Figure 3 ). Table 3 . Stepwise multiple linear regression analysis for total indoxyl sulfate as a dependent variable Our study demonstrated a positive association between IS and AGEs. Serum IS, but not PCS, was independently correlated with AGEs after adjusting for other independent parameters in patients on HD. Our results suggest that IS is an essential factor in the development of atherosclerosis.
Results
Patient Characteristics
Correlations Between AGEs and Clinical Variables
Discussion
CVD is the primary cause of morbidity and mortality in CKD patients [2, 3] . Some biomarkers, including protein-bound uremic toxins and AGEs, are the focus of research to elucidate the mechanisms of high cardiovascular risk in CKD patients [7] [8] [9] [10] 18] . Serum IS originates from the gastrointestinal tract, and it is elevated in CKD patients [19, 20] . IS may lead to renal function deterioration because of increased renal fibrosis gene expression and stimulation of kidney tubulointerstitial fibrosis and glomerular sclerosis [21, 22] . IS also inhibits endothelial cell proliferation and plays a vital role in endothelial dysfunction via oxidative stress induction [4, 5] . Therefore, these findings suggest that IS is a nephrotoxin and a vascular toxin.
AGEs are also increased in situations of hyperglycemia and oxidative stress, such as diabetes, and AGEs are products of non-enzymatic glycation and protein and lipid oxidation [11, 12] . Serum AGE concentrations are significantly increased in CKD patients, including pre-dialysis and HD patients, compared to healthy controls [13, 14] . One previous study demonstrated that serum N ε -carboxymethyllysine (CML) predicted left ventricular hypertrophy in CKD patients, and it was a strong predictor of mortality [23] . AGEs are also noted in atherosclerotic plaques, and increased AGEs levels are related to coronary calcification in HD patients [24] . One clinical study demonstrated that high serum CML levels were predictive of all-cause mortality in a cohort of 154 maintenance HD patients [25] . Autofluorescence of the skin was also reported as a valuable predictor of mortality in uremia [26] . These studies suggest that the accumulation of AGEs is related to a poor cardiovascular or renal outcome in CKD patients.
However, the correlation of IS or PCS with AGEs formation was not fully clear previously. This study examined the relationships of two novel survival and vascular markers with AGEs in a human cohort. Our results demonstrated that only total IS levels were significantly associated with serum AGEs concentrations after adjusting for other confounding factors. Our results are consistent with Taki et al. who evaluated the relationships between IS and pentosidine in patients on HD [27] . This study showed that IS was independently related to pentosidine levels, and the results suggested that IS is involved in the pathogenesis of atherosclerosis. Recent studies also indicated that elevated IS and PCS levels are associated with more frequent vascular access failure and dysfunction in HD patients [28, 29] . However, the present report is the first study 
Conclusion
There are several limitations to our study. First, the sample size was small, and all subjects were enrolled from one medical center. Second, we were unable to determine the possible causes of the disparity in the relationship between IS and PCS with AGEs. Third, this study was a [30] . Nevertheless, we cannot completely exclude the possible role of PCS in the cross-sectional study, and we could not further discover the defined interaction mechanisms between IS and AGEs. Finally, whether the relationships between IS, PCS and AGEs change after the administration of AST-120 [31] , which is an activated charcoal absorbent that Lin/Lin/Pan/Chuang/Liu/Sun/Wang/Chen/Wu: Indoxyl Sulfate Relationship to AGEs in HD Patients reduces serum IS levels and delays kidney progression, are not known. Therefore, additional prospective investigations are required to elucidate the answers to these questions.
In summary, IS and PCS are novel and vital non-traditional risk factors that are associated with adverse clinical outcomes. AGEs, pro-inflammatory and pro-oxidative compounds accumulate in CKD patients, and these factors play an essential role in endothelial dysfunction and atherosclerosis. Our study evaluated the correlation of two gastrointestinal tract-related uremic toxins with AGEs and other biochemical parameters in an HD cohort. Our results showed that serum IS levels, but not PCS levels, were positively related to AGE concentrations. Serum IS levels were also independently correlated with AGEs after adjusting for other independent confounding factors. Our results suggest that IS is an essential factor in the development of atherosclerosis. Further prospective trials are required to elucidate the definite interaction mechanism between IS and AGEs.
Disclosure Statement
The authors of this manuscript state that they do not have any conflict of interests and nothing to disclose.
